We report on the fabrication of GaAs hexagonal nanowires surrounded by ͕110͖ vertical facets on a GaAs ͑111͒ B substrate using selective-area ͑SA͒ metalorganic vapor-phase epitaxial ͑MOVPE͒ growth. The substrate for SA growth was partially covered with thin SiO 2 , and a circular mask opening with a diameter d 0 of 50-200 nm was defined. After SA-MOVPE, GaAs nanowires with a typical diameter d ranging from 50 to 200 nm and a height from 2 to 9 m were formed vertically on the substrate without any catalysts. The size of the nanowire depends on the growth conditions and the opening size of the masked substrate. A possible growth mechanism is also discussed.
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ultrasmall light emitters, [2] [3] [4] and nanoscale photodetectors. 5 So far, these semiconductor nanowires have been fabricated by a vapor-liquid-solid ͑VLS͒ growth method using metal catalysts. 6 In our previous study, we proposed an approach for forming semiconductor nanowires by using selective-area metalorganic vapor phase epitaxy ͑SA-MOVPE͒. 7 This was inspired by SA-MOVPE growth of GaAs ͑Ref. 8͒ or InGaAs ͑Ref. 9͒ pillar arrays on an ͑111͒B-oriented surface for applications of photonic crystals. A similar SA-MOVPE method for InP nanowire is also reported by Poole et al. 10 By using SA-MOVPE, we can fabricate nanowires at predetermined positions without the help of catalysts and we can adopt atomically precise controllability of epitaxial growth. It is possible, therefore, to achieve heterostructures with abrupt heterojunctions in the growth direction ͑vertical heterostructures͒. Furthermore, lateral growth, as well as vertical growth, can be controlled independently by appropriate growth conditions to passivate the surfaces of wires. Previously reported semiconductor nanowires formed by VLS growth are mostly insulating with high-density surface states. Surface passivation and lateral heterostructures are, therefore, extremely important for practical applications of nanowires as well as for optical and transport measurements.
In this study, we report on the growth of very thin GaAs nanowires with SA-MOVPE. We grew hexagonal nanowires with a diameter d of 50-200 nm. The growth mechanism of nanowires is discussed, based on the diameter d and the pattern dependency of the height h of the nanowires. Figure 1͑a͒ shows schematic illustrations of the fabrication process of nanowires. This fabrication process is essentially the same as the one for GaAs, 8 InGaAs, 9 and InP ͑Ref. 11͒ pillars on masked substrates except for the size of the mask opening. After 20 nm thick SiO 2 was deposited by plasma sputtering on GaAs ͑111͒ B substrates, periodic hexagonal opening patterns were formed by electron-beam ͑EB͒ lithography, and by wet-chemical etching techniques. Hexagonal openings were arranged in a triangular lattice ͓see Fig. 1͑b͔͒ , with the pitch a ranging from 0.4 to 3 m. The actual shape of the opening tended to be circular because of the resolution limit in EB lithography and wet chemical etching. As we later describe, the diameter d of nanowires is directly related to the opening diameter d 0 , and a smaller d 0 results in a longer nanowire height h. Therefore, we tried to obtain the smallest d 0 possible by controlling the amount of the EB dose. For this reason, the size of the opening area sometimes became nonuniform in the minimal EB dose conditions ͓see Fig. 1͑b͔͒ . The diameter d 0 of the opening area was changed from 50 to 200 nm. This periodic array of the opening pattern was only defined in 100ϫ 100 m square regions, and outside of the square regions SiO 2 was removed and the GaAs surface was exposed.
GaAs nanowire growth was carried out in a horizontal MOVPE system working at 0.1 atm. Trimethylgallium ͑TMG͒ and 20% arsine ͑AsH 3 ͒ diluted in H 2 were used as source materials. The partial pressure of TMG was 2.7 ϫ 10 −7 atm and that of AsH 3 was changed from 2.5ϫ 10 −4 to 1.7ϫ 10 −3 atm. The growth temperature was 750°C. In these conditions, the growth rate of GaAs on a planar ͑001͒ substrate is 2.1 Å / s and 0.3 Å / s on ͑111͒ B, but the growth rate of nanowires is much higher, as will be discussed later. The total growth time was 20 min. Figures 2͑a͒ and 2͑b͒ show secondary electron microscopy ͑SEM͒ images for two typical samples of GaAs nanowires grown on a GaAs ͑111͒ B masked substrate at an AsH 3 partial pressure of 5.0ϫ 10 −4 atm. The pattern period a is 1 m, and the diameter d 0 is 200 nm and 50 nm for samples Fig. 2͑a͒ and 2͑b͒, respectively. GaAs nanowires were grown in a ͑111͒ B ͑vertical͒ direction on the substrate. As shown in the inset in Fig. 2͑b͒ , the nanowires have a hexagonal cross section. From the symmetry, we conclude that the nanowires have six ͕110͖ side facets similar to the larger hexagonal structure reported previously. 12 The diameter d of the nanowires becomes smaller as the initial opening diameter d 0 is reduced. For sample Fig. 2͑a͒ , the diameter d and the height h of the nanowires are 200 nm and 2.8 m, while for sample Fig. 2͑b͒ , these are 60 nm and 5 m, respectively. Furthermore, for the latter, nonuniform growth was observed. We believe that this originated mainly from the nonuniform mask opening size, as observed in Fig. 1͑b͒ . As far as the growth mechanism is concerned, this nonuniformity does not alter our main discussions. Figure 3͑a͒ shows the height h of GaAs nanowires versus nanowire diameter d. The pattern period a is 0.6 m. The height h is much higher than the typical growth thickness on a planar ͑111͒ B GaAs substrate ͑42 nm͒, which is indicated by the horizontal line in the figure. Furthermore, h increases as d decreases. It is also noted that h also increases as ͓AsH 3 ͔ decreases. These results are consistent with the previous results for SA-MOVPE of GaAs hexagonal structures. 8 h, however, also increases as the pitch a of the opening decreases, as shown in Fig. 3͑b͒ . We obtained the narrowest and longest nanowires with 50 nm and 9 m, achieving an aspect ratio of 180 at ͓AsH 3 ͔ = 2.5ϫ 10 −4 atm. Within the growth conditions we used, where the growth temperature was relatively high and ͓AsH 3 ͔ was low, as compared to the ordinary GaAs growth conditions, we expected that the growth rate on ͑111͒ B would be much higher than that on a ͑110͒ surface. 12, 13 This is because adsorbed Ga atoms do not have strong bonding on a ͑110͒ surface for small As coverages, and they can desorb very easily. In fact, according to our SEM study, almost no lateral growth over the SiO 2 mask was observed, indicating that there is almost no growth on ͕110͖ vertical surfaces and thus d ϳ d 0 . Formation of hexagonal structures, therefore, was explained by the six-fold symmetry of the ͑111͒ B-oriented surface and the fact that ͕110͖ vertical facets exhibited the slowest growth rate. The AsH 3 partial pressure dependence on the nanowire height h could qualitatively be explained by the surface reconstruction of ͑111͒ B GaAs surfaces.
14 That is, when the AsH 3 partial pressure is high, the growth of the ͑111͒ B surface is suppressed by the formation of stable As trimers, whereas they become less stable at lower partial pressure, resulting in an increase in the growth rate. However, the enhancement of the growth rate on patterned substrates and the dependence of h on the pattern geometry ͑a and d 0 ͒ cannot be explained in the simple model.
To examine the growth rate enhancement in more detail, we plot in Fig. 3͑c͒ the calculated total volume V 2 of the nanowires in a unit cell of the triangular lattice on a patterned substrate normalized by the volume V 1 of a planar growth in the same area. The area of the unit cell is given by a 2 and the cross-sectional area of hexagonal nanowires is given by d 2 . The ratio V 2 / V 1 is therefore calculated as ͑d / a͒ 2 ͑h / h p ͒, where h p is the growth thickness on a planar substrate and is 42 nm. We can see a significant increase in V 2 / V 1 as a becomes smaller. Note that V 2 / V 1 should go to 1.0 in the limit a → 0, though it looks unlikely at first sight within the present experimental results.
In the case of SA-MOVPE on a ͑100͒ GaAs surface, the enhancement of the growth rate in the opening region of the mask is generally observed. This is explained by the gasphase and/or surface diffusion of the growth species from the masked to opening regions. This enhancement is known to be dependent on the pattern geometry, and in the present case where the patterned area is limited to 100ϫ 100 m regions, we showed that the enhancement was only about 20 to 30% of the planar growth rate. 15 , 16 If we take into account the fraction f of the mask opening ͓in the present case, ͑d 0 / a͒ 2 ͔ in the patterned regions, the growth rate increases slightly as f is reduced, as expected from the diffusion of growth species. Nevertheless, the ratio V 2 / V 1 of the total growth amount between the patterned and planar growth does not exceed unity as reported in Ref. 17 . That is, the total amount of growth is always smaller on patterned substrates than on planar substrates, indicating that the thermal decomposition of the column III precursor is effectively decreased in the patterned area or a considerable amount of the growth species diffuse out to the exposed regions surrounding the patterned regions. This simple gas-phase/surface diffusion model can partly explain our present results. As in Fig. 3͑a͒ , h increases as f decreases. This simple model, however, completely contradicts the results of Figs. 3͑b͒ and 3͑c͒.
To get more insight for the growth process of the nanowires, we considered diffusion processes in and between three different regions, namely, ͑111͒ B top surface, ͕110͖ sidewall facets, and masked areas. In this model, we assume the following diffusion equation for the concentration N of growth species on the surface in each region and that the growth proceeds by the incorporation of species into the crystal phase:
Here, D is the surface diffusion constant, 1 / =1/Ј +1/Љ, where Ј is the incorporation time, Љ is the re-evaporation time of species, and J is the impinging flux of growth species from the vapor phase. It is also assumed that a complicated interplay of gas-phase diffusion can be considered within effective flux J. All of these parameters are defined in each of the three regions ͓we use subscript ͑111͒B, ͕110͖, and m for their distinction͔, and the continuity of the flux at the boundary of different regions is used as the boundary condition. Then, the growth rate is proportional to N Ј. The conclusion of our model is that the dominant factor of diffusion between different regions is J , which is exactly the surface concentration of the growth species and is readily acceptable if one thinks of the nature of diffusion. Thus, if three regions considered here take a different J , there could be diffusion between ͑111͒B and ͕110͖ surfaces, ͕110͖ surfaces or masked regions, as usually seen in SA-MOVPE.
If we assume
is the diffusion length and is thought to be in the order of a few microns, and no incorporation into the crystal phase in ͕110͖ and masked region ͑that is, {110} Ј and m Ј are infinite͒, we find that the most relevant parameters are J ͕110͖ {110} Љ , J m m Љ and J {110} {110} Љ Ͻ J m m Љ . Note here that, if these parameters are independent of the period a of the mask pattern and size d and h of nanowires, we end up with the conventional model of SA-MOVPE mentioned earlier, and we cannot explain the anomalous enhancement of the growth rate and diffusion. Thus, to explain the experimental data, we have to think J {110} {110} Љ to be increased, or J m m to be decreased as a is decreased: In fact, there are several possibilities. If the species once desorbed from the masked area are readsorbed on ͕110͖ surfaces, particularly, in dense pillar arrays, this gives additional contribution to J {110} . It is also possible that m is effectively shortened when a is reduced, since the species diffusing or migrating on the mask can easily find the nanowires to be incorporated. At this moment, we are not able to convince ourselves what kind of processes is possible and important, and clarification of the anomalous diffusion is left for future study. Finally, we discuss our various approaches for semiconductor nanowires. We have already reported on hexagonal pillar structures of InGaAs on ͑111͒ B InP, InP on ͑111͒ A InP with a relatively large size d͑ϳ100 nm͒. Miniaturization of the nanowire diameter around 50 nm is thought to be possible simply by reducing the size of the mask opening. In fact, we have already obtained InGaAs nanowires with d ϳ 60 nm and h ϳ 5.6 m by SA-MOVPE on ͑111͒B InP substrates. We have also demonstrated incorporating Al into GaAs-based nanowires. Furthermore, for SA-MOVPE on ͑111͒ B GaAs, the growth on ͕110͖ sidewalls is possible through control of growth conditions. 18 These lead us to achieve nanowires with heterojunctions independently in both vertical and lateral directions to form core shell or other complicated structures. We shall describe elsewhere a detailed study on the growth mechanism of these nanowire vertical lateral heterostructures.
